Introduction
Pyrrolizidine alkaloids (PAs) are the ester derivatives of necine base and necic acid that are found in more than 6000 plants [1, 2] . PAs are potent hepatotoxins that can lead to liver injury, which over 8000 liver injury cases were reported worldwide to be associated with the use of PA-containing products such as herbal medicines [3, 4] . In China, hundreds of people developed hepatic sinusoidal obstruction syndrome (HSOS) due to the consumption of Tusanqi (Gynura segetum), a Chinese medicine that contained high amount of PAs [3] . However, no effective therapies are currently available for hepatotoxicity induced by PAs.
PAs are predominantly metabolized in the liver by cytochrome P450 (CYP) enzymes such as CYP3A to generate reactive metabolites dehydropyrrolizidine alkaloids (DHPAs), which are further hydrolyzed to dehydroretronecine (DHR) [1, 2] . DHPAs and DHR are highly reactive metabolites and bind to cellular glutathione (GSH) to form GSH-conjugates, which detoxify DHPAs and DHR. However, DHPAs and DHR can also bind to proteins to form pyrrole-protein adducts to initiate the hepatotoxicity in both parenchymal and non-parenchyma cells such as hepatic sinusoidal endothelial cells (HSEC) [1, 2] . The damage to HSEC by PAs due to the depletion of the relative low level of GSH in HSEC often leads to HSOS, which is characterized by hepatomegaly, ascites and hyperbilirubinemia in human [2, 5, 6] .
PAs can induce both apoptotic and necrotic/oncotic cell death in the livers of animals, cultured immortalized human hepatocytes and hepatoma cells [4, [7] [8] [9] . Mechanistically, increased oxidative stress and mitochondrial pro-apoptotic BNIP3 expression and decreased anti- . Male C57BL/6 J mice were treated with different doses of Sene (50 mg/kg, 100 mg/kg) or vehicle saline control by gavage and mice were sacrificed at 24 h after treatment. Serum ALT levels (B) and the ratio of liver to body weight (C) were analyzed and data are presented as means ± SE (n=4-6).
* p < 0.05, one-way ANOVA analysis with Scheffé's post hoc test. Representative images of liver tissue H & E (D) and TUNEL staining (E).
CV: Central vein; PV: Portal vein. Arrows denote apoptotic nuclei and dot line circled areas denote injury zones. APAP-induced TUNEL stained liver tissue used as a positive control for necrosis. Total liver lysates were subjected to western blot analysis (F) and caspase-3 activity assay (G). *: non-specific band. Data are presented as means ± SE (n=4-6). * p < 0.05. Student t-test.
apoptotic Bcl-xL expression have been implicated in PA-induced liver injury [7, 9, 10] , suggesting a possible involvement of mitochondrial intrinsic pathway in PA-induced apoptosis in hepatocytes. However, whether PAs could also induce mitochondrial damage in primary hepatocytes and in mouse livers in vivo, and more importantly the underlying mechanisms by which PAs induce mitochondrial damage are unknown. Mitochondria are central cell death executioners and are highly dynamic organelles that constantly undergo fission and fusion to adapt to changing conditions [11] [12] [13] . Mitochondrial fusion in mammals is mediated by the fusion proteins mitofusin 1 (Mfn1), Mfn2 and optic atrophy 1 (OPA1), whereas mitochondria fission is regulated by dynamin-related protein 1 (Drp1) [11] [12] [13] . Mitochondrial fusion controls proper distribution of mt-DNA, lipids and proteins across all mitochondria, which is critical for key mitochondrial functions such as energy metabolism, cellular differentiation and proliferation. As an opposite process, mitochondrial fission plays important roles in mitochondrial biogenesis during cellular mitosis and in removal of damaged mitochondria by mitophagy [14, 15] . Drp1 is a cytosolic large GTPase protein but it can be recruited to the outer mitochondrial membrane to trigger mitochondria fission [13, 16] . Drp1 also interacts with Bax or Bak to disturb the mitochondrial out membrane permeabilization (MOMP) results in the release mitochondrial apoptotic proteins to trigger apoptosis [17] . Mitochondrial division inhibitor-1 (Mdivi), a selective Drp1 inhibitor, inhibits cytochrome c (Cyt c) release and apoptosis by suppressing mitochondrial fragmentation and MOMP [17, 18] . Whether PAs would affect Drp1 and mitochondrial dynamics and in turn contribute to PA-induced hepatotoxicity have not been investigated. In the present study, we investigated the role of Drp1 and mitochondrial damage in senecionine (Sene), one of the most common toxic PAs, induced hepatotoxicity in primary cultured mouse and human hepatocytes as well as mouse livers.
Materials and methods

Reagents
Sene was isolated from Gynura japonica and the purity was examined as we previously described [19] . Sene was first dissolved in 5% HCl and the pH was adjusted to 6-7 by adding 1 M NaOH, and the volume was adjusted with sterile saline to the appropriate final concentration.
Animal experiments
We used wild type (WT) male C57BL/6 J mice (Jackson Laboratories, Bar Harbor, ME) in this study. Drp1 Flox/Flox mice (C57BL/6/129) were generated as described previously [20] and were crossed with Albumin-Cre mice (Alb-Cre, C57BL/6) (Jackson Laboratory). All animals received humane care. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Kansas Medical Center. Male WT mice, male Alb-Cre positive Drp1 Flox/Flox mice and Alb-Cre negative Drp1 Flox/Flox matched littermates were either given saline (control group) or Sene (50 mg/kg, 100 mg/kg) by gavage and were sacrificed at 24 h after treatment. Liver injury was assessed by the determination of the serum alanine aminotransferase (ALT) activities and Hematoxylin and Eosin (H & E) staining of liver sections [21] . Caspase-3 activities were determined using a fluorescent substrate Ac-DEVD-AFC (Biomol) as we described previously [22] . Total liver lysates were prepared using RIPA buffer (1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl (lauryl) sulfate). Terminal deoxynucleotidy transferase dUTP nick end labeling (TUNEL) staining was performed as described previously [22] . 
Primary hepatocytes culture
Murine and human hepatocytes were isolated and cultured according to the methods described previously [23] . All cells were maintained in a 37°C incubator with 5% CO 2 . All human liver specimens were obtained in accordance with the University of Kansas Medical Center Human Subjects Committee approved protocol # 13513.
Statistical analysis
Statistical analysis was performed with Student's t-test or one-way ANOVA analysis of variance where appropriate. p < 0.05 was considered significant.
Antibodies, Fluorescence Microscopy, Isolation of Subcellular Fractions and Western Blotting and Electron Microscopy were described in Supplemental materials and methods.
Results
Apoptosis, mitochondrial damage and liver injury after Sene treatment in mice
Sene, a 12-membrane macrocyclic diester PA (Fig. 1A) , induced dose-dependent hepatic parenchymal cell injury in mouse livers, as demonstrated by the significant elevate serum alanine aminotransferase (ALT) levels compared with control mice (Fig. 1B) . The mice treated with Sene showed less active and lethargic but nevertheless all the mice survived after 24 h treatment even with the high dose of Sene (100 mg/kg). However, the ratio of liver weight to body weight seemed less affected by Sene administration (Fig. 1C) . Results from the H & E staining liver tissues revealed that Sene induced marked hemorrhage and apoptotic cell death with fragmented nuclei. Sene-induced liver injury mainly occurred in liver zone 2 regions between portal vein (PV) and central vein (CV) but was more adjacent to CV (Fig. 1D) . Increased hepatic red blood cell and neutrophil infiltration as well as condensed nuclear chromatin were also detected by EM studies of liver sections from Sene-treated mouse livers (Supplemental Fig. 1A ). Sene-induced parenchymal cell apoptosis was further confirmed by TUNEL staining that showed typical nuclear staining pattern, which is in great contrast with necrotic cell death that showed diffuse cytosolic staining induced by acetaminophen (Fig. 1E ). Sene also increased cleavage of caspase-3 and caspase-3 activities in a dose-dependent fashion in mouse livers ( Fig. 1F & G) .
Damaged mitochondria play critical roles in hepatocyte apoptosis by releasing mitochondrial intermembrane space proteins such as cytochrome C (Cyt C) and Smac. Sene increased the levels of cytosolic and time (C) of Sene (20 µM). Data are means ± SE from 3 independent experiments, at least 300 cells were counted in each experiment. * p < 0.05. One way ANOVA analysis with Scheffé's post hoc test. Total cell lysates were subjected to western blot analysis for cleaved caspase-3 (D) or caspase-3 activity assay (E). Data were normalized to the control and are presented as means ± SE (n=3). * p < 0.05. One way ANOVA analysis with Scheffé's post hoc test.
Cyt C and Smac ( Fig. 2A) . EM studies also showed increased fragmented mitochondria (Sene, 50 mg/kg, Supplemental Fig. 1B ) and swollen mitochondria (Sene, 100 mg/kg, Supplemental Fig. 1A ) in the liver sections of Sene-treated mice. The c-Jun N-terminal kinase (JNK), the superfamily of mitogen-activated protein kinases (MAPK), is involved in apoptosis, cell proliferation, differentiation, and inflammation [24] . Sene increased the levels of phosphorylated JNK in the cytosol and mitochondrial fractions as well as levels of total JNK on mitochondria ( Fig. 2A) . These data suggest that Sene induces JNK mitochondrial translocation and activation.
Since we found that Sene induced mitochondrial fragmentation and swollen (Supplemental Fig. 1 ), we next determined the key proteins that regulate mitochondrial fusion and fission. We found that Sene markedly decreased the levels of Mfn1 and Mfn2, two key proteins that are essential for mitochondria fusion (Fig. 2B) . While Sene did not cause significant changes on the total levels of Drp1, the key protein that regulates mitochondrial fission, Sene increased the levels of mitochondrial Drp1 (Fig. 2B & C) . These results indicate that Sene treatment may promote hepatic mitochondrial fission/fragmentation by changing the balance of mitochondrial fission and fusion proteins in mouse livers. Taken together, these data suggest that Sene induces hepatic mitochondrial damage and apoptosis as well as liver injury in mouse livers.
Sene induces mitochondrial damage, JNK activation and apoptosis in primary mouse hepatocytes
We found that Sene induced plasma membrane blebbing, shrunken cytoplasm and DNA condensation/fragmentation in primary cultured mouse hepatocytes (Fig. 3A) , which are typical features of apoptosis. Sene induced apoptosis in a dose-and time-dependent manner ( Fig. 3B & C) . Sene also increased caspase-3 cleavage and activities in a dose-dependent manner (Fig. 3D & E) . ZVAD-fmk, a general caspase inhibitor, significantly inhibited Sene-induced apoptosis (Supplemental Fig. 2 ). In addition, Sene increased the number of cells with low mitochondrial membrane potential (MMP) as early as 6 h and further increased at 24 h (Fig. 4A & B) . Sene also increased levels of cytosolic Cyt c with a concomitant decrease of mitochondrial Cyt c in a dose-dependent manner (Fig. 4C) , which is consistent with the results from Sene-treated mouse livers ( Fig. 2A) . Sene also increased the levels of phosphorylated JNK in a dose-and time-dependent manner ( Fig. 4D & E) . SP600125, a specific JNK inhibitor, significantly inhibited Sene-induced apoptosis although SP600125 did not affect the number of cells with low MMP induced by Sene (Fig. 4F & G) . These data suggest that JNK may promote Sene-induced apoptosis downstream of mitochondrial depolarization. Together, these results indicate that Sene induces mitochondrial damage and JNK activation to trigger caspase-dependent apoptosis in hepatocytes.
Sene induces mitochondrial fragmentation and apoptosis which is rescued by a Drp1 inhibitor Mdivi
We found that most mitochondria were filamentous (elongated) in control hepatocytes whereas mitochondria were shorter and round shape in Sene-treated hepatocytes as evaluated by the fluorescence microscopy using an anti-Tom20 antibody (Fig. 5A) . Mdivi, a specific Drp1 inhibitor that blocks Drp1 GTPase activity [17, 25, 26] , markedly inhibited Sene-induced mitochondrial fragmentation (Fig. 5A) . Consistent with the fluorescence microscopy results, EM studies revealed that Sene induced mitochondrial fragmentation, which also suppressed by Mdivi (Fig. 5B) . Interestingly, Mdivi also inhibited Seneinduced mitochondrial depolarization, release of mitochondrial Cyt c, caspase-3 activation and apoptosis (Fig. 5C-G & Supplemental Fig. 3) . Importantly, Sene also induced apoptosis and caspase-3 activation in primary cultured human hepatocytes, which also inhibited by Mdivi ( Supplemental Fig. 4 ). These data suggest that Sene-induced mitochondria-mediated hepatocyte apoptosis is conserved from mouse to human. Together, our data implicate that Sene induced Drp1-mediated mitochondrial fragmentation that promotes activation of intrinsic mitochondrial pathway and apoptosis.
Sene increases specific mitophagy but not general autophagy in hepatocytes
Damaged mitochondria in hepatocytes can be removed by mitophagy, which serves as a protective mechanism against drug-or alcohol-induced liver injury [27, 28] . We next infected hepatocytes with adenovirus GFP-LC3 and determined autophagic flux in Sene-treated hepatocytes. As can be seen in Fig. 6A and Supplemental Fig. 5A , control hepatocytes displayed a diffuse GFP-LC3 pattern with few GFP-LC3 puncta, which might reflect the basal autophagy in cultured hepatocytes. While CQ increased the number of GFP-LC3 puncta by blocking the degradation of GFP-LC3 at autolysosomes, the combination of CQ with Sene did not further increased number of GFP-LC3 puncta (Supplemental Fig. 5A & B) . Similarly, western blot analysis revealed that CQ increased levels of LC3-II and p62, which were not further increased by the combination of CQ with Sene (Supplemental Fig. 5C ). These data suggest that Sene did not increase autophagic flux in hepatocytes. Interestingly, when hepatocyte mitochondria were stained with MTR, we found that the colocalization of MTR stained mitochondria and GFP-LC3 puncta significantly increased in Senetreated hepatocytes which was further enhanced by CQ (Fig. 6A & B) . EM studies also revealed that while Sene did not alter the number of autophagosomes (AV), Sene increased the number of AV that enveloped with mitochondria ( Fig. 6C & D) . These data clearly suggest that Sene may increase selective autophagy for mitochondria (mitophagy) without affecting the general autophagy. Indeed, we further found that blocking autophagy by CQ exacerbated Sene-induced apoptosis (Supplemental Fig. 5D ), supporting a protective role of mitophagy against Sene-induced apoptosis.
Liver-specific Drp1 knockout mice protect against Sene-induced apoptosis and liver injury
To further test the role of Drp1 in Sene-induced apoptosis and liver injury in vivo, liver-specific Drp1 KO mice (Drp1 f/f, Alb Cre+) and their matched WT (Drp1 f/f, Alb Cre-) mice were treated with Sene for 24 h. Similar to what we found in C57BL/6 J WT mice, Sene treatment increased serum ALT levels, liver zone 2 area hemorrhage and apoptosis as well as TUNEL positive hepatocytes in Drp1 WT mice (Fig. 7A-D) . All these changes markedly blunted in liver-specific Drp1 KO mice (Fig. 7A-D) . In addition, Sene also induced casepase-3 activation and JNK phosphorylation in Drp1 WT mice although the levels of phosphorylated JNK varied among these mice. Notably, all of these changes markedly decreased in liver-specific Drp1 KO mice (Fig. 7E & F) . These data indicate that Drp1 plays a critical role in promoting Sene-induced apoptosis and liver injury.
Discussion
In the present study, we found that Sene, one of the most hepatotoxic common PAs that exists in Senecio vulgaris and Gynura segetum with high contents [29, 30] , induced apoptosis in primary cultured mouse and human hepatocytes and in mouse livers. Mechanistically, we found that Sene induced mitochondrial depolarization and fragmentation, release of mitochondrial Cyto c, caspase-3 activation and subsequent apoptosis. We further found that Seneinduced mitochondrial fragmentation and damage, which was associated with mitochondrial Drp1 translocation. Pharmacological inhibition or genetic deletion of Drp1 in hepatocytes suppressed Seneinduced mitochondrial damage and hepatotoxicity.
In the present study, mice were treated with 50 mg/kg and 100 mg/ kg of Sene, respectively. The doses that we chose were very comparable with the published papers in PA-induced liver injury. For example, DeLeve et al. successfully established an HSOS model on rats by single oral gavage a dose of 160 mg/kg of monocrotaline ( one type of PAs) [31] . In a more recent study, a dose of 90 mg/kg monocrotaline by gavage was used to induce HSOS in rats [32] . Moreover, it should also be noted that mice/rats have different metabolic rates and tolerance on xenobiotics. The purpose of this study was to establish a mouse model of Sene-induced hepatotoxicity and determine the molecular mechanisms by which Sene induced liver injury in mice, and correlated these mechanisms with humans. The findings that Sene also induced mitochondrial damage and apoptosis in human hepatocytes may support a strong relevance of our studies to Sene-induced liver injury in humans.
The majority of Drp1 resides as soluble dimers and tetramers in the cytosol, which are recruited to mitochondrial fission sites by several outer mitochondrial membrane receptor proteins, including fission 1 (Fis1), mitochondrial fission factor (Mff), and mitochondrial dynamic protein of 49 and 51 kDa (MiD49/51) [14] . Once on mitochondria, Drp1 polymerizes into ring-like structures around the endoplasmic reticulum-mitochondria contact sites, where it constricts and segregates mitochondria to induce mitochondrial fission [14, 15] . Drp1 selfassembly promotes Bax/Bak-mediated MOMP and Cyt c release, which inhibited by Mdivi [17] . We found that Sene induced mitochondrial depolarization, fragmentation, Cyt c release, caspase-3 activation and apoptosis in primary cultured hepatocytes, all these events suppressed by Mdivi. More importantly, Sene also induced mitochondrial Cyt c release, caspase-3 activation and apoptosis as well as liver injury in mouse livers, which were also suppressed in liver-specific Drp1 KO mice. These results from both pharmacological inhibition and genetic deletion of Drp1 suggest that Drp1-mediated mitochondrial fission plays a critical role in Sene-induced activation of mitochondrial intrinsic pathway and apoptosis that contribute to liver injury. Whether Mff and Mid49/51 would play a role in regulating Seneinduced mitochondrial fragmentation and apoptosis remains to be determined. In addition, posttranslational modification of Drp1 including phosphorylation, ubiquitination, SUMOylation and S-nitrosylation is also important in regulating Drp1 mitochondrial translocation [15] . For instance, CdK1/cyclin B and Ca 2+ /calmodulin-dependent kinase II (CaMKII) phosphorylate Drp1 and promote Drp1 mitochondrial translocation and mitochondrial fission during cell mitosis and chronic β-adrenergic receptor activation in heart, respectively [33, 34] . Whether Sene induced Drp1 posttranslational modifications to trigger its mitochondrial translocation in hepatocytes remains to be determined. Notably, in addition to inducing Drp1 mitochondrial translocation, Sene also decreased hepatic levels of Mfn1 and Mfn2, two essential mitochondrial outer membrane fusion proteins. These results suggest that Sene could impair both mitochondrial fusion and fission machinery proteins, which seems to ensure mitochondrial fission/ fragmentation after exposure to Sene. However, Sene-induced apoptosis and liver injury markedly suppressed by Mdivi and in liver-specific Drp1 KO mice, respectively. These observations suggest that Drp1 may play more important roles in regulating intrinsic mitochondrial apoptotic pathway activation and liver injury than that of Mfn1 and Mfn2. Future investigations to use liver-specific Mfn1 and Mfn2 KO mice would help to clarify the role of mitochondrial fusion in Sene-induced mitochondrial damage and hepatocyte apoptosis.
Increasing evidence indicates that autophagy can help to remove damaged mitochondria to protect against various liver injury including alcohol, drug, sepsis, inflammation, viral infection and hepatic ischemia and reperfusion [21, 35] . Indeed, the number of GFP-LC3 positive autophagosomes that colocalized with MTR stained mitochondria by confocal microscopy and the number of double membrane autophago- somes that enveloped with mitochondria by EM studies, all increased in Sene-treated hepatocytes. Intriguingly, Sene did not increase general autophagic flux in primary hepatocytes. These results suggest that Sene selectively increased mitophagy without affecting general non-selective autophagy in hepatocytes. CQ, the lysosomal inhibitor that blocks autophagic degradation, exacerbated Sene-induced apoptosis, further supporting a protective role of mitophagy in Sene-induced hepatotoxicity. Selective mitophagy is mediated by several mitophagy receptor proteins including p62/SQSTM1, NBR1, NDP52, Optineurin and NIX [11, 36] . Whether Sene-induced selective mitophagy involves one or more of these receptor proteins remain to be determined. Liver is known to have a remarkable metabolic zonation, which generally is divided into three zones: periportal (zone 1), intermediate (zone 2) and perivenous/ or centrilobular zone (zone 3). These unique liver zonations form functional gradients for oxygen concentrations, hormonal factors as well as activities of metabolic enzymes including CYPs [37] . We found that Sene-induced apoptosis and hemorrhage mainly occurred in the liver zone 2 and adjacent areas to centrilobular area (zone 3). Since metabolic activation of PAs by CYPs is critical for PA-induced hepatotoxicity, it is likely some of the CYPs that are more potent to metabolize Sene may be enriched in zone 2 and adjacent to zone 3 that may account for the unique zonated damage induced by Sene. Future experiments to identify these metabolic enzymes for Sene in these specific zone areas will be very interesting.
Another interesting finding in the present study was that Sene activated JNK in hepatocytes and in mouse livers. It has been shown that JNK activation contributes to both hepatocyte apoptosis and necrosis in various liver injury models [38] . We also found that pharmacological inhibition of JNK attenuated Sene-induced apoptosis in hepatocytes. Interestingly, Sene-induced JNK activation markedly suppressed in liver-specific Drp1 KO mouse livers, suggesting that Drp1 may promote Sene-induced JNK activation. One of the mechanisms to activate JNK is through the production of reactive oxygen species (ROS) in mitochondria [38] . It is well known that Drp1 activates MOMP via Bax/Bak and MOMP promotes mitochondrial ROS production [17, 39] . While it remains to be studied, we speculate that the levels of mitochondrial ROS may be decreased in Drp1 KO hepatocytes compared with wild type hepatocytes after Sene treatment, which may partially contribute to Sene-induced JNK activation.
In conclusion, we demonstrated that Sene-induced apoptosis in zone 2 hepatocytes in mouse livers, which is associated with mitochondrial Drp1 translocation, mitochondrial fragmentation and damage. The possible cellular events and signaling pathways that contribute to Sene-induced apoptosis and liver injury are summarized in Fig. 8 . Pharmacological inhibition of Drp1 may be a novel therapeutic approach for treating Sene-induced liver injury. 
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